Background--Sudden cardiac death accounts for the greatest proportion of duty-related deaths among US firefighters. Increased understanding of the pathoanatomic causes of sudden cardiac death and the risk associated with underlying cardiac pathologies is needed to develop evidence-based screening recommendations.
F
irefighters perform work that is critical to the safety of the public, and their sudden incapacitation may put civilian and firefighter lives, as well as property, in jeopardy. Although firefighters face numerous occupational hazards, the leading cause of duty-related death among firefighters in the United States is sudden cardiac death (SCD), accounting for %42% of duty-related fatalities annually. 1 In the general population 2-4 and the fire service, 5, 6 coronary heart disease (CHD) has long been the predominant disease condition associated with SCD. Overt CHD is a strong independent predictor of SCD, conveying a 3-to 5-fold increase in the risk of SCD in a large epidemiological study. 7 Among firefighters, a prior diagnosis of CHD or other clinical evidence of arterialocclusive disease is associated with a 16-fold increased risk of duty-related death from CHD after adjustment for comorbid risk factors. 6 Importantly, CHD frequently goes undetected, and SCD is often the first manifestation of the disease. [2] [3] [4] This is particularly problematic in the case of first responders, whose sudden incapacitation can have ramifications far beyond the individual who experiences a cardiac event.
Left ventricular hypertrophy (LVH) and cardiomegaly have been reported as common secondary findings in SCD attributed to CHD in the general population [8] [9] [10] [11] and among firefighters. 5, 6, 12, 13 However, the role of LVH and cardiomegaly have not received nearly as much attention as CHD in contributing to sudden cardiac events. LVH has been shown to be a strong independent predictor of SCD in the general population, 14, 15 but its prognostic power within the general fire service has not been documented. A recent casecontrol study determined that cardiomegaly (defined as heart weight >450 g), which was found in 61% of SCD cases, was associated with a 5-fold increased risk of SCD among young (aged ≤45 years) firefighters. 12 Moreover, a review of autopsies revealed that 70% of SCD cases in this young cohort had evidence of LVH. Prior research has identified occupational 16, 17 and individual 5, 6, 12 factors associated with an increased risk of cardiac death in the fire service. Careful analysis of autopsy data offer the opportunity to better understand the underlying pathoanatomic features associated with SCD. Although some evidence shows a high prevalence of coexistent CHD and cardiomegaly/LVH in the fire service, these risks have not been quantified, and it is unclear whether increased cardiac mass or hypertrophy contributes to an increased risk of cardiac death beyond that associated with underlying CHD. A greater understanding of the pathoanatomic causes of cardiac death and the risks associated with different underlying cardiac pathologies is needed to improve evidence-based recommendations to reduce the risk of SCD in the fire service and thereby better ensure public safety. The specific aim of this study was to compare the cardiac findings on autopsy between firefighters who died of duty-related cardiac causes and those of firefighters who died of noncardiac work-related trauma.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Design
This retrospective case-control study included cases and controls selected from duty-related US firefighter fatalities between 1999 and 2014. The Skidmore College Institutional Review Board determined that the use of records from deceased participants did not meet the definition of human subjects research as defined by the US Department of Health and Human Services and Federal Drug Administration guidelines; therefore, the study was granted an institutional review board exemption.
Autopsy Data/Fire Service Data Extraction
The US Fire Administration (USFA) and the National Fallen Firefighters Foundation (NFFF) collect information on all firefighter deaths associated with firefighting in the United States. In collaboration with the NFFF, all available autopsy data and medical examiner reports for duty-related firefighter fatalities between 1999 and 2014 were obtained. Based on the USFA's definition of on-duty fatality, a duty-related fatality was any injury or illness sustained while on duty that proved fatal, which included illness resulting from a sudden cardiac event or stroke within 24 hours of a training activity or emergency response, regardless of whether or not the firefighter complained of illness while on duty. A portion of these deaths are also reviewed by the National Institute for Occupational Safety and Health (NIOSH), and the resulting reports are made publicly available online. All relevant corresponding NIOSH fatality reports were also obtained. Two study investigators independently reviewed autopsy and other files and extracted anthropometric and cardiac findings using a standardized electronic template. A senior investigator (D.L.S. or S.N.K.) resolved any disagreements between the reviewers. Body mass index (BMI) was calculated as body mass in kilograms divided by the square of height in meters (kg/m 2 )
using measurements recorded at autopsy. In records in which autopsy height or body mass was missing or deemed inaccurate related to factors such as severe damage to the body, multiple organ procurement, or inclusion of firefighting gear in body mass recorded at autopsy, a BMI was not calculated; however, a BMI value from a NIOSH report was used instead, if available. The firefighters' job classifications and years of service were obtained from data provided by the USFA. Firefighters who were paid on-call, part-time paid, and volunteers were all classified as volunteer firefighters for this study.
Clinical Perspective
What Is New?
• Based on a large, nationally representative sample of firefighter autopsies, 82% of cardiac fatalities in male firefighters (aged 18-65 years) had evidence of both coronary artery disease (≥75% stenosis) and cardiomegaly/left ventricular hypertrophy.
• Cardiomegaly, coronary artery stenosis, and prior myocardial infarction were all strong independent predictors of duty-related cardiac death.
What Are the Clinical Implications?
• Firefighters should be screened for both atherosclerotic coronary heart disease and cardiomegaly/left ventricular hypertrophy.
• The increased risk of sudden cardiac death should be carefully considered before medically clearing firefighters for duty or return to duty following a cardiac event or significant cardiovascular procedure. Fatalities with cause of death classified as cardiac in origin were selected as cases in the present study. Cardiac cases included autopsy underlying causes such as CHD, cardiomegaly/LVH, primary arrhythmia, cardiomyopathies, and valvular disease. It is expected that the vast majority of these cases would be classified as SCD, but the time of death and the onset of symptoms could not be verified in all cases. CHD was considered present if it was noted in the autopsy narrative report or if the percentage of stenosis in at least 1 coronary artery was reported as ≥75%. Cardiomegaly/LVH was considered to be present if it was noted in the autopsy narrative report, if the heart weight was reported as >450 g, or if the left ventricular (LV) wall thickness was reported as ≥1.2 cm. Fatalities with a noncardiac cause of death were selected as noncardiac trauma controls. These deaths included fatalities caused by blunt force trauma, burn injury, smoke inhalation, electrocution, drowning, and gunshot, for which no evidence showed a preceding or simultaneous cardiovascular event.
Cause of Death and Inclusion Criteria

Statistical Analyses
Continuous characteristics were described using meanAESD and were compared between groups using the t test of independence. Categorical variables were presented as frequencies and percentages and were compared using the v 2 test of association. For categorical variables that
were missing values (eg, percentage of stenosis not reported), the missing value was treated as a no based on the presumption that an abnormality would have been recorded. A sensitivity analysis was conducted to determine the effect of setting missing categorical values to no rather than treating them as missing. BMI was categorized as normal (18.5-24.9) , overweight (25.0-29.9), or obese (≥30.0). Crude and adjusted logistic regression analysis models were utilized to model the probability of having a cardiac death. Variables to be introduced in the multivariate logistic regression model included established risk factors for cardiovascular disease available from the autopsy (age and BMI), the 2 primary study outcome variables (heart weight >450 g and coronary artery with ≥75% stenosis) for the 2 types of heart disease examined, and a variable that has been shown to be predictive of future events (prior myocardial infarction). Results were presented as odds ratios with the corresponding 95% confidence intervals. All tests performed were 2-tailed using a 0.05 level of significance. SAS v9.3 (SAS Institute) was used for all analyses.
Results
Figure illustrates the selection process for identifying firefighter duty-related fatalities included in this casecontrol study. Of the 1644 identified duty-related deaths between 1999 and 2014, 627 fatalities (276 cardiac cases and 351 noncardiac trauma controls) met the study inclusion criteria. Among the cardiac cases, the underlying cause of death was CHD and cardiomegaly/LVH in 81.9%, CHD alone in 5.4%, cardiomegaly/LVH alone in 5.8%, and causes other than CHD and/or cardiomegaly/LVH in 6.9% of fatalities. The most common causes of death among noncardiac trauma controls were blunt force trauma, accounting for 53.0% of deaths, and smoke inhalation or burns, which individually or in combination caused 35.9% of trauma deaths. A comparison of descriptive characteristics between cardiac cases and noncardiac trauma controls is presented in Table 1 . Cardiac cases were significantly older than noncardiac trauma controls (48.7AE9.1 versus 39.4AE12.1 years, respectively; P<0.001). Cardiac cases were slightly taller and heavier on average, with higher mean BMI, than noncardiac trauma controls (P<0.05). There was also a significant association between obesity group and type of fatality (P=0.017), with a higher percentage of obese firefighters among the cardiac cases than the noncardiac controls. More than 93% of victims in each fatality group were white; ethnicity was not associated with type of fatality (P=0.952). On average, cardiac cases had 6 more years of service than noncardiac trauma controls (P<0.001). Job classification was associated with type of fatality (P<0.001), with cardiac cases having a higher proportion of volunteer and lower proportion of wildland firefighters compared with noncardiac trauma controls. Table 2 summarizes the comparison of autopsy findings between cardiac cases and noncardiac trauma controls. Heart weight was documented for all records, but LV wall thickness was not reported for 48% of noncardiac trauma controls and 33% of cardiac cases. Cardiac cases had significantly heavier hearts compared with noncardiac trauma controls (difference in mean values %120 g; P<0.001), with 77% of cardiac cases versus 33% of controls having cardiomegaly (defined as heart weight >450 g; P<0.001). Similarly, LV wall thickness and the prevalence of LVH (defined as LV wall thickness ≥1.2 cm) were significantly greater among cardiac cases than noncardiac trauma controls (P<0.001). Although not the cause of death, %60% of noncardiac trauma controls had evidence of a structurally enlarged heart, as defined by a heart weight >450 g and/or LV wall thickness ≥1.2 cm, with nearly a third of these participants meeting both criteria. All reported CHD-related outcome measures were significantly higher among cardiac cases than noncardiac trauma controls (all P<0.001).
Autopsies from the majority (78%) of cardiac cases included a measure of the degree of coronary artery stenosis, whereas <30% of autopsies from noncardiac trauma controls reported percentage of stenosis. The presence of at least 1 coronary artery with ≥75% stenosis was reported in 165 (59.8%) cardiac cases, and among these cases, 58 had double-vessel disease, 27 had triple-vessel disease, and 4 had quadruplevessel disease. Plaque rupture and intracoronary thrombus were identified only in cardiac cases, with 16% of cardiac cases having evidence of an intracoronary thrombus, definitively establishing the cause of death as myocardial infarction. More than 50% of cardiac cases had evidence of a prior myocardial infarction at autopsy compared with 6.6% of noncardiac trauma controls (P<0.001).
The results of logistic regression modeling are summarized in Table 3 . As seen in the crude models, age and obesity status are both associated with an increased risk of dutyrelated cardiac death. In age-adjusted models, all structureand CHD-related outcome measures were associated with an increased risk of duty-related cardiac death. Odds of cardiac death were %5-fold higher with cardiomegaly and 2-fold Figure. Process for identifying study population: US firefighters with underlying cause of death determined to be cardiac or noncardiac in origin by autopsy or medical records. CHD indicates coronary heart disease; LVH, left ventricular hypertrophy; ME, medical examiner; NFFF, National Fallen Firefighters Foundation.
higher with LVH, and they increased slightly with increasing severity of the structural abnormality. The presence of at least 1 coronary artery with ≥50% stenosis increased the odds of cardiac death by %8.5-fold, and ≥75% stenosis increased odds of cardiac death by %12-fold. Odds of cardiac death were %6-fold higher with the presence of calcified plaque. Evidence of a prior myocardial infarction was associated with an 11-fold higher risk of cardiac death. BMI was not associated with elevated odds of cardiac death after adjusting for age. Table 4 presents results from the multivariate logistic regression analysis after further adjustment. The presence of ≥75% stenosis was the strongest predictor of cardiac death, with odds increased %9-fold. Cardiomegaly and evidence of a prior myocardial infarction were associated with approximately a 6-fold increase in the risk of cardiac death. In addition, age was associated with an increased risk of cardiac death.
The sensitivity analysis found that the approach of treating missing categorical values as no abnormality rather than missing led to different sample sizes and prevalences and thus different odds ratios and 95% confidence intervals; however, the findings of significantly elevated risk were comparable for both approaches and led to the same interpretation of results.
Discussion
This case-control study retrospectively examined all available autopsy records of US firefighter fatalities between 1999 and 2014 and compared the cardiac findings, chiefly coronary artery pathology, cardiac mass, and LV wall thickness, among firefighters who died of duty-related cardiac causes with those who died of duty-related noncardiac trauma-related causes. The primary finding of this study was that severe CHD, cardiomegaly, and evidence of a prior myocardial infarction were strong independent predictors of duty-related cardiac death, with odds %9-fold higher, 6-fold higher, and 6-folder higher, respectively, in multivariate analyses. Compared with firefighters who died from trauma-related causes, cardiac fatalities had a significantly higher prevalence of myocardial scarring, severe coronary artery stenosis, and cardiomegaly.
Although it is intuitive that cardiac-related deaths would have greater evidence of CHD, this is the first firefighter fatality study to report on the extent of coronary artery stenosis as documented on the autopsy for both cardiac cases and controls. In individuals with CHD, cardiac death may be precipitated by plaque rupture or plaque erosion leading to thrombus formation and myocardial infarction. Although 90% of cardiac cases had evidence of atherosclerosis noted at autopsy, an intracoronary thrombus was identified at autopsy in only 16.3% of the cases. This relatively small proportion of cardiac deaths with an identified thrombus is consistent with the widely divergent frequency of 4% to 76% reported in prior studies. [18] [19] [20] Calcified plaque was found in 40% of cardiac cases and conveyed a 6-fold increased risk of duty-related cardiac death after adjustment for age in this study. It is unlikely, however, that this increased risk was related to rupture of a vulnerable plaque and thrombus formation because few cases with calcified plaque also showed evidence of plaque rupture, and calcium likely confers stability rather than vulnerability to plaques. 21 Rather, the presence of calcified plaque likely represents an increased global burden of atherosclerosis. In %50% of SCD victims with CHD, autopsies reveal only stable plaques and chronic changes. 2, 22 In these cases, the mechanism of SCD may be ventricular arrhythmia triggered by acute ischemia or related to structural alterations secondary to chronic ischemia or prior myocardial infarction. 2, 23 The majority of cardiac cases in this study had structural changes that would have predisposed them to ventricular arrhythmia, along with an absence of an intracoronary thrombus, making arrhythmia the most likely mechanism of death in most of these cases. Severe coronary artery stenosis (≥75%) was found in 60% of cardiac cases, with more than half of these cases (32% of all cardiac cases) having severe stenosis in multiple vessels. Autopsy studies among the general population have consistently reported both severe and diffuse coronary artery stenosis among SCD victims. In fact, several studies have reported that >95% of SCD victims had at least 1 coronary artery with ≥75% stenosis, and the majority of victims had multivessel disease, with the prevalence of 3-or 4-vessel disease as high as 60%. 19, [24] [25] [26] [27] The lower prevalence of severe stenosis in the current study compared with the aforementioned studies may suggest that the multiple stressors associated with firefighting can trigger a sudden cardiac event in individuals with a lower overall burden of disease. The 8.6-fold increased risk of cardiac death associated with the presence of at least 50% stenosis in univariate analyses supports this interpretation. Alternatively, the lower prevalence of severe stenosis may reflect a lack of standardization or differences in autopsy procedures rather than actual pathological differences. 28 The present study used available autopsy reports from deaths that occurred across many jurisdictions within the United States, and the level of detail among reports was highly variable, whereas research studies that quantified coronary stenosis typically employed standardized autopsy procedures that involved extensive analyses that may not be routinely performed at autopsy. 26, 27 Autopsy data in this study revealed a high prevalence of cardiomegaly, with 63.4% of cardiac cases having a heart weight >450 g and nearly as many (58.7%) having a heart weight >550 g. In the present study, cardiomegaly conveyed a 6-fold increased risk of duty-related cardiac death among firefighter fatalities after adjustment for age, BMI, severe coronary artery stenosis, and evidence of a prior myocardial infarction. In univariate analyses, LVH, defined as ventricular wall thickness ≥1.2 cm, was associated with %2-fold increased risk of cardiac death. The finding of elevated risk of SCD among firefighters with increased heart mass or wall thickness is consistent with findings from a study investigating cardiac death in a cohort of young firefighters. Yang et al 12 found that the odds of duty-related SCD in firefighters aged ≤45 years increased nearly 5-fold in the presence of cardiomegaly. In population-based studies, LVH has been shown to be a strong independent predictor of cardiovascular mortality, including SCD, 14, 15 and the risk of SCD increased Values are reported as meanAESD or n (%). CHD indicates coronary heart disease; LV, left ventricular; MI, myocardial infarction. *Sample size indicates number of records with a numeric or yes/no value for cardiac cases and noncardiac trauma controls, respectively.
with increasing LV mass. 14 In addition, LVH is associated with an increased risk of ventricular arrhythmias in the absence of CHD, with a graded and continuous relationship between LV mass or wall thickness and occurrence and complexity of ventricular arrhythmia. 29 Although not completely understood, mechanisms by which increased heart mass or wall thickness increase the risk of SCD have been proposed. Maladaptive changes in myocardial architecture, such as interstitial fibrosis, may alter the propagation of electrical impulses and predispose to ventricular arrhythmias, which may be provoked by factors such as acute myocardial ischemia, neuroendocrine fluctuations, electrolyte disturbances, and ventricular wall stress, 30, 31 with acute myocardial ischemia proposed as having the most important proarrhythmic association with LVH. 31 Firefighting involves multiple stressors, including strenuous physical work, heat stress and dehydration, and activation of the sympathetic nervous system, that may lead to ischemia, electrolyte disturbances, and ventricular wall stress, all of which could trigger a sudden cardiac event in a firefighter with cardiac enlargement.
32-35
Remodeling of the myocardium subsequent to an infarct is associated with an enhanced arrhythmogenic response to ischemia. 4 This study found that evidence of a prior myocardial infarction conveyed approximately a 6-fold increase in the risk of duty-related cardiac death. Diagnosed CHD is one of the strongest predictors of SCD in both the general population 7 and among firefighters; 6 and, among firefighters with diagnosed CHD, those with evidence of myocardial damage were more likely to experience a fatal outcome related to a duty-related CHD event. 5 Evidence of a prior myocardial infarction was noted in %50% of cardiac deaths in this study, which is consistent with values of 40% to 70% reported in the literature. The enhanced arrhythmogenic response associated with this healed tissue presents another potential pathway for cardiac death in a large proportion of cases in this study. It is widely accepted that CHD is the most common substrate underlying SCD, accounting for %80% of SCD in the Western world, 3 ,4 yet considerable evidence, including data from this study, demonstrates that increased cardiac mass or LVH, each a vulnerable substrate, often coexist with CHD. 10, 11, 27 It is possible that cardiac enlargement, solely or more frequently as a synergistic substrate with CHD in a multifactorial etiology involving acute ischemia and enhanced electrical instability, is a substrate underlying SCD in a large proportion of deaths that do not have clear evidence of an acute myocardial infarction but are attributed to CHD in the absence of any other lethal disease. The potential primary causal role of cardiac enlargement in cardiac death is supported by the study finding that heart weight >450 g was associated with a considerable escalation of risk of dutyrelated cardiac death (odds ratio: 6.1) beyond that attributed to CHD in multivariate models. Prior research has also demonstrated the predictive power of LVH independent of CHD using echocardiographic measurements of LV mass. 36 Although these findings do not oppose an overlap in pathways leading to cardiac death for the 2 substrates, they suggest that LVH has pathways distinct from CHD. This study, however, provides specific information on only the underlying substrates among cardiac cases and does not delineate the mechanism of cardiac death. Several factors known to be potential triggers of SCD in susceptible individuals, such as strenuous physical activity, psychological stress, and environmental pollutants, are inherent to the job of firefighting. 34, 37 However, in the absence of myocardial instability in a vulnerable substrate, such as CHD or cardiac enlargement, transient acute stressors are often not sufficient to produce SCD. It is notable that SCD is the first manifestation of the disease in as much as 50% of all SCDs due to CHD. 3, 38 Given the substantially higher risk of cardiac death associated with CHD and cardiac enlargement, screening measures to detect cardiac enlargement and CHD among firefighters are critical to reduce cardiac deaths in the fire service. Importantly, regression of LVH through targeted treatment has been shown to reduce the risk of cardiovascular events. [39] [40] [41] Results from this study showing that cardiomegaly and LVH were fairly common among noncardiac trauma controls, who were aged <40 years on average, corroborate the findings of Yang et al 12 and suggest that screening at a relatively young age may be justified for firefighters at risk of cardiomegaly. Obesity is an established risk factor for cardiovascular disease and was recently shown to be a major driver of LV mass among firefighters, 13 but in the univariate analysis, BMI
was not found to be a predictor of cardiac death. There are 2 likely explanations. First, obesity conveys much of its SCD risk via CHD and cardiomegaly. Second, it is possible that obese firefighters are also at increased risk of traumatic fatalities because their body size makes them more susceptible to becoming physically trapped or because they cannot egress a building as quickly during rapidly changing fire conditions. Importantly, there was a high prevalence of obesity among both the cardiac cases and trauma controls compared with population studies in the US fire service. [42] [43] [44] [45] In fact, in the multivariate analysis, obesity was associated with an increased risk of death in the trauma controls.
Although the use of all available autopsy records from duty-related deaths of US firefighters over a 15-year period made this study less prone to selection bias than previous firefighter fatality studies, some limitations exist. The level of detail for the cardiovascular system provided in the autopsy reports varied considerably, particularly among noncardiac trauma controls, for which a large percentage of records were missing quantitative values for LV wall thickness and/or degree of coronary stenosis. The study took the approach that if a structural abnormality or severe stenosis were evident, it would have been recorded, and that may have resulted in odds ratios and prevalence estimates that were not identical to those obtained when treating values as "missing"; however, study findings were consistent for both approaches. The use of an absolute cutoff point of 450 g rather than an indexed value to define cardiomegaly may be considered a limitation because body size affects heart weight; however, both methods are practiced among pathologists. This study relied on information available from autopsy reports, thus it is not possible to explore the effect of risk factors, such as smoking or hypertension, on measures of CHD or cardiomegaly/LVH. Future research that combines information from medical records and autopsy reports is needed to provide additional insights into duty-related cardiac death in this occupational group.
This study found that cardiomegaly, severe coronary stenosis, and prior infarction all convey an independently increased risk of duty-related cardiac death; therefore, the presence of these pathologic conditions carries a substantially greater risk than the presence of any condition alone. These findings indicate that screening for CHD, cardiac enlargement, and structural heart damage should be considered for firefighters. Moreover, taking actionable measures to mitigate the risk of cardiac death following identification of any of these conditions is imperative to reduce duty-related cardiac deaths in the fire service. compensation and disability cases, including cases involving firefighters. Dr Smith reports serving as a consultant in cases involving medical evaluations and firefighter fatalities. The remaining authors have no disclosures to report.
